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Introduction {#sec001}
============

Cigarette smoke exposure is projected to cause over 8 million deaths worldwide by 2030 \[[@pone.0232102.ref001]\] and is a risk factor for many diseases such as COPD. Those exposed to cigarette smoke are at an increased risk for viral and bacterial infections in the lung \[[@pone.0232102.ref002], [@pone.0232102.ref003]\]. Respiratory infections can trigger acute exacerbations of COPD symptoms that are responsible for the bulk of the COPD-related morbidity and mortality. We have previously shown that cigarette smoke impairs TLR3 cleavage in primary human small airway epithelial cells resulting in impaired antiviral responses \[[@pone.0232102.ref004]\]. Similarly, smoke-exposed mice have increased infectivity with influenza A virus \[[@pone.0232102.ref005]\]. Yet, how cigarette smoke affects epithelial cell function is still unclear.

Endocytosis is an evolutionarily conserved process that allows cells to take up nutrients and sense the extracellular space. Cells use endocytosis to take up pathogen-associated molecular patterns (PAMP) and other signaling molecules \[[@pone.0232102.ref006], [@pone.0232102.ref007]\]. Many studies have highlighted the importance of endocytosis in the activation of receptor signaling \[[@pone.0232102.ref008], [@pone.0232102.ref009]\]. Despite its essential role in cell homeostasis, many respiratory pathogens utilize endocytic pathways to gain entry into the host cell. For example, influenza A virus (IAV) inserts its viral genome into host cells in a pH-dependent process that occurs following endocytic uptake \[[@pone.0232102.ref010], [@pone.0232102.ref011]\]. Lung epithelial cells are the first line of defense against inhaled pathogens and are the target for many respiratory viruses, thus, the dysregulation of endocytosis in these cells may affect viral susceptibility. However, the effect of cigarette smoke on endocytosis in lung epithelial cells is unknown. Here, we investigated the effect of cigarette smoke on several common endocytic pathways in human small airway epithelial cells that are exploited by viruses to gain access to the host cell.

The most well characterized endocytic pathways are characterized by the involvement specific endosome forming proteins, namely clathrin or caveolin. Both clathrin-mediated and caveolin-mediated endocytosis are involved in receptor signaling and protein internalization \[[@pone.0232102.ref012], [@pone.0232102.ref013]\]. However, other forms of endocytosis exist that are independent of clathrin or caveolin. For example, fluid-phase endocytosis is involved in uptake of fluid from the extracellular space and can be critical for immune sensing of the extracellular environment. Macropinocytosis, a common form of fluid phase endocytosis, can be utilized by pathogens to enter target cells \[[@pone.0232102.ref014], [@pone.0232102.ref015]\].

Here, we investigate for the first time, the effect of cigarette smoke exposure on the uptake of various ligands including the dsRNA viral mimetic poly I:C and influenza virus. We show that smoke differentially effects endocytic pathways, increasing caveolin mediated uptake while inhibiting clathrin mediated uptake. Alterations of endocytosis correlated to increased infectivity with IAV in smoke-exposed small airway epithelial cells (SAEC). Given that smoke impairs many facets of innate host defense, the dysregulation of endocytosis may contribute to the increased infectivity seen in smokers. Targeting endocytosis can provide a new therapeutic strategy to combat infection in the lungs of smokers.

Materials and methods {#sec002}
=====================

Cell culture and reagents {#sec003}
-------------------------

Primary human SAEC were purchased from Lonza (Allendale, NJ) and grown in small airway epithelial growth media with supplements as recommended by the supplier. SAEC were obtained from three different non-smoking donors (Lot 0000203964, a 51 year old male; lot 0000206158, a 58 year old female; lot 0000105938, a 61 year old male). High molecular weight poly I:C was purchased either unconjugated or conjugated to Fluorescein (Invivogen, San Diego, CA). Fluorescein isothiocyanate (FITC) and Alexa Fluor (AF)594 conjugated Cholera-toxin B subunit (CtxB), AF488 and AF594 conjugated bovine serum albumin (BSA), AF488 conjugated to human serum transferrin (Tfn), boron-dipyrromethene (BODIPY) labeled lactosylceraminde (LacCer), and FITC conjugated 3000 MW Dextran were purchased from Molecular Probes (Eugene, OR). FilipinIII was purchased from Sigma (St. Louis, MO).

Cigarette smoke exposure and treatment with fluorescent ligands {#sec004}
---------------------------------------------------------------

Small airway epithelial cells were cultured at the air-liquid interface and exposed to whole cigarette smoke for 60 min as previously described \[[@pone.0232102.ref004]\]. Following smoke exposure, media in the basal compartment was replaced to remove any residual smoke components. The apical surface remained unwashed. Cells were then treated on the apical surface with FITC labeled poly I:C (0.5 or 2.5μg/mL as indicated in figure legends), AF488-BSA (50μg/mL), AF488 or AF594-CtxB (10μg/mL), BODIPY-LacCer (1uM), AF488-Tfn (125μg/mL) or FITC-Dextran (250μg/mL) for the indicated times. Due to the rapid integration of AF488-CtxB, BODIPY LacCer, and AF488-Tfn, uptake of these molecules was measured essentially as described \[[@pone.0232102.ref016]\]. Briefly, cells were rested 5 hours for flow following smoke exposure and subsequently loaded with AF488-CtxB, BODIPY-LacCer, or AF488-Tfn for 30 min at 4°C to allow for binding while slowing endocytosis. Unbound ligand was then washed away with phosphate buffered saline (PBS) and cells were incubated for 30 min at 37°C to allow for endocytosis to occur. Following incubation with fluorescent ligands, cells were washed 3 times with PBS.

Flow cytometry {#sec005}
--------------

For flow cytometric analysis, cells were treated with fluorescent ligands as described above, fixed in 2% PFA for 10 min, washed with PBS and analyzed on an LSR II 12 color flow cytometer (BD biosciences, San Jose, CA). Experiments were performed in SAEC from 3 donors and at least 5000 cells/treatment were analyzed.

Imaging and cell counting {#sec006}
-------------------------

Live cell imaging was done on cells treated as described above and incubated with ligand for 6 hours. For time course analysis, separate cultures were used for each time point and unbound ligand was washed away immediately prior to live cell imaging with an Axio Observer.A1 (Zeiss, Oberkochen, Germany) inverted microscope with an Axiocam MRm camera (Zeiss). For confocal imaging of AF594-BSA and AF594-CtxB, cells were rested for 2 hours (BSA) or overnight (CtxB) after smoke exposure and loaded with ligand for 30 min at 4°C before incubation for 30 min at 37°C before washing and fixing cells. Inserts were fixed with 4% paraformaldehyde (PFA) for 10 minutes and mounted with prolong diamond with DAPI (Moloecular Probes) and imaged on an Axio imagur.Z1 florescent microscope using an Axiocam HRc camera (Zeiss) or on a FV1000 Olympus CLSM confocal microscope. For image counting, 2--3 images were taken from each of three replicate inserts per condition. Following acquisition, cells were counted either by using Fiji Multi-Count Tool (<http://fiji.sc/>) or by using SpotDetector module on Icy imaging software ([https://icy.bioimageanalysis.org](https://icy.bioimageanalysis.org/)). The percentage of internalization was determined by dividing the fluorescent positive spots by the number of DAPI positive nuclei and multiplying by 100.

Western blot and antibodies {#sec007}
---------------------------

Cells were washed with PBS prior to harvest and lysed in 50mM Tris 150mM NaCl 1% NP-40, 50mM Tris, 1mM EDTA. Protein was quantified using the bicinchoninic acid assay and 10μg of protein was analyzed by Western blot. Rabbit monoclonal antibodies for caveolin-1 and clathrin heavy chain were purchased from Cell Signaling (3267 diluted 1:5000 and 2413 diluted 1:1000). Mouse anti-GAPHD monoclonal antibody was purchased from Abcam (8245 diluted 1:10,000).

Cytokine production {#sec008}
-------------------

Levels of interferon gamma inducible protein 10 (IP-10), interleukin 6 (IL-6), and interleukin 8 (IL-8) in the culture supernatant were determined by ELISA. Interferon activity in the culture supernatants was determined using an ISRE reporter cell line as described previously \[[@pone.0232102.ref004]\].

Virus infection {#sec009}
---------------

Virus infection was performed essentially as described \[[@pone.0232102.ref004]\]. Briefly, SAEC were exposed to air or cigarette smoke for 60 min as described above and then rested for 5 hours before infection with Influenza A/WSN/1933 H1N1 (IAV WSN) virus at the indicated MOI for 1 hour. Unbound virus was washed away with PBS and cells were incubated for 24 hours and then fixed with 100% methanol for 10 min. Culture inserts were then removed and blocked with 1% goat serum in 2.5% BSA for 1 hour. Inserts were incubated with a mouse monoclonal antibody to the IAV nucleoprotein (NP) (kindly provided by Dr. Luis Martinez-Sobrido) overnight and detected with goat anti mouse AF488 secondary antibody (Molecular Probes) and mounted with ProLong Diamond with DAPI (Molecular Probes).

Results {#sec010}
=======

We have previously shown that cigarette smoke impaired the anti-viral responses in primary human SAEC following treatment with poly I:C \[[@pone.0232102.ref004]\]. Poly I:C is recognized by the pattern recognition receptor (PRR) toll-like receptor 3 (TLR3). TLR3 is located primarily in the endosome, and endocytosis of poly I:C is required for proper antiviral signaling \[[@pone.0232102.ref017]\]. While we demonstrated that cigarette smoke impairs TLR3 cleavage, which is important for antiviral signaling \[[@pone.0232102.ref004]\], the effect of cigarette smoke on uptake of poly I:C in SAEC is unknown. Here, we investigated whether smoke altered uptake of fluorescently labeled poly I:C. We first confirmed that fluorescently labeled poly I:C induced a similar antiviral response as unlabeled poly I:C in SAEC. We found that both labeled and unlabeled poly I:C induced production of IP-10, IL-6 and IL8 in air exposed cells ([Fig 1A--1C](#pone.0232102.g001){ref-type="fig"}). Similarly, interferon bioactivity of culture supernatants increased with stimulation with either fluorescently labeled or unlabeled poly I:C ([Fig 1D](#pone.0232102.g001){ref-type="fig"}). Smoke-exposed SAECs treated with either fluorescently labeled or unlabeled poly I:C had impaired production of IP-10, IL-6, IL-8, and interferons, consistent with our prior report \[[@pone.0232102.ref004]\] ([Fig 1](#pone.0232102.g001){ref-type="fig"}).

![Fluorescently labeled poly I:C acts similarly to unlabeled poly I:C.\
Primary human SAEC were exposed to either air or cigarette smoke for 60 minutes at the air-liquid interface. Following exposure, the basal medium was changed, and the apical surface was treated with 0.5μg/mL of unlabeled poly I:C (PIC, squares) or fluorescent poly I:C (FIC, triangles). Levels of (A) IP-10, (C) IL-6, and (D) IL-8 were measured by ELISA in the culture supernatants 24 hours after treatment with poly I:C. (B) Interferon bioactivity in SAEC supernatants was determined by applying supernatants to reporter cell line expressing luciferase under an interferon reporter as described in the Methods. Bars represent mean ± SD. \* p\<0.05 \*\*p\<0.01 \*\*\*p\<0.001 by ANOVA with Tukey post hoc correction.](pone.0232102.g001){#pone.0232102.g001}

To investigate the effect of cigarette smoke on the uptake of poly I:C, SAEC were exposed to air or smoke followed by treatment with fluorescent poly I:C, and separate samples were imaged at various times post-treatment. At 2 hours post treatment, there was no difference in the number of fluorescently labeled cells in smoke and air exposed SAEC. Interestingly, smoke-exposed SAEC had taken more fluorescent poly I:C by 6 and 19 hours post-treatment ([Fig 2A](#pone.0232102.g002){ref-type="fig"}). This was in contrast to the finding that smoke exposure impairs production of inflammatory and antiviral mediators ([Fig 1](#pone.0232102.g001){ref-type="fig"}). It was apparent that cigarette smoke-exposed cells had increased uptake of fluorescent poly I:C both on the surface as well as within the cell ([Fig 2B](#pone.0232102.g002){ref-type="fig"}). Similarly, flow cytometry analysis revealed a higher mean florescent intensity (MFI) in smoke-exposed SAEC treated with fluorescent poly I:C compared to air-exposed, fluorescent poly I:C treated cells ([Fig 2C](#pone.0232102.g002){ref-type="fig"}).

![Cigarette smoke increases uptake of poly I:C.\
Primary human SAEC were exposed to either air or cigarette smoke for 60 minutes at the air-liquid interface. Following exposure cells were treated with 2.5μg/mL of fluorescent poly I:C for the indicated times. (A) Time course analysis of fluorescence at 2, 6, and 19 hours post poly I:C treatment. (B) Representative fluorescent images of poly I:C positive cells taken 6 hours post poly I:C treatment. (C) Analysis of cell fluorescence by flow cytometry 6 hours post treatment with poly I:C. The experiment was repeated using SAEC derived from 3 separate donors and each pair of points represents an SAEC strain from a different donor.](pone.0232102.g002){#pone.0232102.g002}

We next investigated whether increased uptake was due to altered endocytosis. Though there are many endocytosis pathways, one of the most well described pathways is characterized by the involvement of the adaptor protein clathrin. Clathrin mediated endocytosis (CME) occurs in all cells and is important in cellular signaling \[[@pone.0232102.ref018], [@pone.0232102.ref019]\]. To investigate the effects of cigarette smoke exposure on CME, we treated air and smoke-exposed SAEC with fluorescent BSA, which has been shown to be taken up by CME \[[@pone.0232102.ref020]\]. We found that BSA fluorescence was readily detected in air exposed SAEC ([Fig 3A and 3B](#pone.0232102.g003){ref-type="fig"}). Unlike poly I:C, smoke-exposed SAEC had reduced uptake of fluorescent BSA ([Fig 3A and 3B](#pone.0232102.g003){ref-type="fig"}). To confirm this finding, we quantified the fluorescence of BSA treated cells by flow cytometry and found that the mean fluorescence intensity (MFI) of fluorescent BSA treated cells was reduced with previous cigarette smoke exposure ([Fig 3C](#pone.0232102.g003){ref-type="fig"}). Similarly, uptake of AF488-transferrin, another CME ligand, was decreased in smoke-exposed SAEC ([Fig 3D](#pone.0232102.g003){ref-type="fig"}).

![Cigarette smoke decreases clathrin mediated endocytosis.\
Primary human SAEC were exposed to either air or cigarette smoke for 60 minutes at the air-liquid interface. Following exposure cells were treated with AF594-labeled BSA (pictures in A, B) or AF488-labeled BSA (flow cytometry, C) (50μg/mL) or AF488-labeled transferrin (Tfn, 125μg/mL) as described in the materials and methods. (A) Photographs of air and smoke-exposed cells treated with AF594-BSA. Similar results were seen in 3 strains of SAEC tested. (B) AF594-BSA labeled cells were quantified as described in the Methods, using 3 high power fields per culture and three replicate cultures of one SAEC cell strain. Uptake of (C) AF488-BSA and (D) AF488-Tfn fluorescence was determined by flow cytometry. Each pair of points represents an SAEC strain from a different donor. \*p\<0.05 \*\*\*p\<0.001 by two way ANOVA with Sidak correction.](pone.0232102.g003){#pone.0232102.g003}

Another well-described endocytic pathway involves the protein caveolin. Caveolin mediated enodicytosis (CavME) is highly regulated and is dependent on membrane cholesterol \[[@pone.0232102.ref021]\]. To investigate the effect of cigarette smoke on CavME, we measured uptake of a fluorescently labeled cholera toxin B (CtxB), a ligand that is known to bind cell surface glycolipids and be taken up by CavME \[[@pone.0232102.ref022]\]. Unlike BSA and transferrin (Tfn), there was little uptake of AF594-CtxB in air exposed SAEC, however, there was a significant increase in the number of cells taking up CtxB after smoke exposure ([Fig 4A and 4B](#pone.0232102.g004){ref-type="fig"}). Flow cytometry confirmed an increased MFI of smoke-exposed cells after treatment with AF488-CtxB compared to air exposed cells ([Fig 4C](#pone.0232102.g004){ref-type="fig"}). Similarly, uptake of BODIPY-LacCer, another CavME dependent ligand, was similarly increased in smoke-exposed SAEC ([Fig 4D](#pone.0232102.g004){ref-type="fig"}).

![Cigarette smoke increases caveolin mediated endocytosis.\
Primary human SAEC were exposed to either air or cigarette smoke for 60 minutes at the air-liquid interface. (A) Following exposure cells were rested overnight and treated with AF594-labeled CtxB (10μg/mL) for 30 min and fixed for confocal microscopy. or BODIPY-LacCer (1μM) as described in the materials and methods. (B) Percentage of cells taking up AF594-CtxB was quantified as described in the Methods, using 3 high power fields per culture and three replicate cultures of one SAEC cell strain. (C) SAEC exposed to air or smoke were rested for 5 hr then treated with AF488-CtxB (10μg/ml) as described in materials and methods and were analyzed by flow cytometry. Each pair of points represents an SAEC strain from a different donor. \*\*\*p\<0.001 by two way ANOVA with Sidak correction. (D) Photographs of air and smoke-exposed cells treated with BODIPY-LacCer.](pone.0232102.g004){#pone.0232102.g004}

While the effects of cigarette smoke on CME and CavME are striking, other endocytic pathways are independent of clathrin and caveolin \[[@pone.0232102.ref023]\]. For example, macropinocytosis is involved in fluid phase endocytosis in which cells sample extracellular fluid \[[@pone.0232102.ref024]\]. Like CME and CavME, this process can be utilized by pathogens to gain entry into host cells \[[@pone.0232102.ref014]\]. Thus, we investigated the effect of cigarette smoke on macropinocytosis. Air or smoke-exposed SAEC were treated with FITC-Dextran, a common marker of macropinocytosis \[[@pone.0232102.ref024]\], for 6 hours. Similar to BSA, most air exposed cells took up FITC-dextran ([Fig 5A](#pone.0232102.g005){ref-type="fig"}). Cigarette smoke-exposed SAEC had decreased FITC-Dextran uptake ([Fig 5A](#pone.0232102.g005){ref-type="fig"}). We confirmed the effect of smoke-exposure on FITC-dextran uptake in SAEC using flow cytometry. We found that smoke-exposed SAEC had significantly reduced MFI compared to air exposed cells ([Fig 5B](#pone.0232102.g005){ref-type="fig"}). This was confirmed by decreased MFI in smoke-exposed cells treated with FITC-Dextran compared to air exposed cells treated with FITC-Dextran ([Fig 5B](#pone.0232102.g005){ref-type="fig"}). Taken together, our data shows that cigarette smoke selectively increases uptake of ligands by CavME while impairing CME and macropinocytosis.

![Cigarette smoke decreases macropinoctosis.\
Primary human SAEC were exposed to either air or cigarette smoke for 60 minutes at the air-liquid interface. Following exposure cells were treated with FITC-dextran (250 μg/mL) as described in the materials and methods. (A) Representative photographs from one cell strain. All three SAEC strains showed similar results. (B) Analysis of cell fluorescence by flow cytometry for FITC-dextran uptake. Each pair of points represents an SAEC strain from a different donor. \*p\<0.05 by two way ANOVA with Sidak correction.](pone.0232102.g005){#pone.0232102.g005}

One simple explanation for the changes in endocytosis would be if cigarette smoke changed the protein levels of caveolin or clathrin. Smoke or air exposed SAEC were harvested either immediately following or 6 hours post-smoke exposure and levels of clathrin and caveolin were detected by western blot. We found that protein levels of clathrin and caveolin were unchanged in whole cell lysate regardless of smoke exposure either immediately after or 6 hours after smoke exposure ([Fig 6](#pone.0232102.g006){ref-type="fig"}). This suggests that the effects of uptake in smoke-exposed SAEC is not due to changes in levels of clathrin or caveolin.

![Cigarette smoke does not alter protein levels of clathrin or caveolin.\
(A) Primary human SAEC were exposed to either air or cigarette smoke for 60 minutes at the air-liquid interface. Cells were lysed immediately following smoke exposure or 6 hours post-smoke exposure and whole-cell levels of clathrin and caveolin were determined by Western Blot. (B) Caveolin and clathrin expression was quantified using densitometry normalized to GAPDH. No significant differences in expression were identified.](pone.0232102.g006){#pone.0232102.g006}

Since many respiratory viruses, including IAV, utilize endocytosis for uptake into the host cell, we wanted to investigate the smoke-induced alterations of endocytosis could impact infection with a respiratory virus. To do this, air or smoke-exposed SAEC were rested for 5 hours and then infected with 0.01 MOI of the WSN strain of IAV. After 24 h, the total number of infected cells was determined by immunofluorescent staining for the NP protein. Similar to poly I:C and the caveolin pathway, smoke-exposed SAECs had an increased viral protein expression indicating increased infectivity and propagation ([Fig 7A](#pone.0232102.g007){ref-type="fig"}). IAV has been shown in many susceptible lines to be taken up by CME which is in contrast to our finding of increased infectivity and decreased CME. We therefore hypothesized that smoke-exposed SAEC can utilize CavME to uptake IAV. To test this we infected smoke-exposed SAEC with a higher titer of IAV, to allow more detectable IAV infection, in the presence or absence of flipinIII, an inhibitor of CavME. We found that inhibition of CavME in smoke-exposed SAEC resulted in reduced infectivity of SAEC ([Fig 7B](#pone.0232102.g007){ref-type="fig"}).

![Smoke increases infectivity of SAEC with IAV.\
Primary human SAEC were exposed to either air or cigarette smoke for 60 minutes at the air-liquid interface. (A) Cells were then infected with WSN IAV at an MOI of 0.01 and fixed 24 hours post-infection and stained for IAV NP. (B) Smoke-exposed SAEC were treated with filipinIII or vehicle prior to infection with MOI 0.1 of IAV. 24 hours after infection, cells were fixed, stained, and imaged for IAV NP and the percent of NP positive cells was counted.](pone.0232102.g007){#pone.0232102.g007}

Discussion {#sec011}
==========

Cigarette smokers have increased incidence of viral infections in the lung \[[@pone.0232102.ref002], [@pone.0232102.ref003]\]. This is of particular concern to those with underlying lung diseases, such as COPD, as viral infections can trigger acute worsening of respiratory symptoms, resulting in disease progression and mortality \[[@pone.0232102.ref025]--[@pone.0232102.ref027]\]. While we and others have shown that antiviral signaling, including the production of key antiviral and inflammatory mediators, are impaired in smoke-exposed epithelial cells \[[@pone.0232102.ref004], [@pone.0232102.ref028], [@pone.0232102.ref029]\], the effect of cigarette smoke on epithelial cell physiology remains poorly understood.

Endocytosis is a critical cell function that allows cells to uptake nutrients and is critical to proper cell signaling \[[@pone.0232102.ref019]\]. Endocytosis also allows cells to sense the extracellular environment and respond to pathogens. Fittingly, many pathogens hijack endocytic pathways to gain entry into the host cell \[[@pone.0232102.ref030]--[@pone.0232102.ref032]\]. Thus, alteration in proper endocytic function can have detrimental consequences. Indeed, alterations of endocytosis are seen in many lung diseases, including cancer and pulmonary fibrosis \[[@pone.0232102.ref033]--[@pone.0232102.ref036]\]. We and others have shown that cigarette smoke impairs bacterial phagocytosis in macrophages \[[@pone.0232102.ref037]--[@pone.0232102.ref039]\], yet here, we are the first to show that cigarette smoke selected upregulates CavME while downregulating multiple other endocytosis pathways in primary human lung small airway epithelial cells.

Epithelial cells are the first line of defense against inhaled environmental insults and are also targeted by many respiratory viruses. Here, we show that cigarette smoke exposure causes increased uptake of the viral mimetic poly I:C ([Fig 2](#pone.0232102.g002){ref-type="fig"}). Despite this increased uptake, smoke-exposed epithelial cells have impaired production of inflammatory and antiviral mediators ([Fig 1](#pone.0232102.g001){ref-type="fig"}). While this seems contradictory, we have previously shown that TLR3 cleavage is disrupted in smoke-exposed cells corresponding with impaired antiviral signaling \[[@pone.0232102.ref004]\]. Thus, the impairment in TLR3 signaling can account for the decreased antiviral signaling despite increased TLR3 uptake.

Interestingly, it has been reported that poly I:C signaling is dependent on CME in monocyte-derived dendritic cells and in HeLa cells \[[@pone.0232102.ref040], [@pone.0232102.ref041]\]. Despite this, uptake of poly I:C in primary human lung cells has not been well studied and may utilize different or multiple pathways. The impact of cigarette smoke on endocytic pathways is not known though existing data suggests that cells can utilize different endocytic pathways depending on extracellular cues. For example, the epidermal growth factor receptor (EGFR), traditionally taken up by CME, can co-localize with caveolin in the presence of oxidative stress \[[@pone.0232102.ref042]\].

In order to identify the effect of cigarette smoke on different endocytic pathways, we followed the uptake of different fluorescent ligands. BSA has been shown to be taken up by CME in an immortalized lung cell line \[[@pone.0232102.ref020]\]. Similarly, BSA has been shown to be taken up through CME in human neutrophils, placenta and differentiated THP1 cells \[[@pone.0232102.ref043]--[@pone.0232102.ref045]\]. Tfn is another CME marker as uptake of the Tfn receptor requires CME \[[@pone.0232102.ref046]\]. We found that, unlike poly I:C, the uptake of both BSA and Tfn was decreased in smoke-exposed cells ([Fig 3](#pone.0232102.g003){ref-type="fig"}). This agrees with data showing treatment with hydrogen peroxide can reduce the uptake of CME markers \[[@pone.0232102.ref047], [@pone.0232102.ref048]\]. Similarly, Tfn receptor internalization is suppressed in the presence of oxidative stress \[[@pone.0232102.ref049]\]. Cigarette smoke is known to upregulate markers of oxidative stress and activate antioxidant signaling pathways, thus, reactive oxygen species production may be involved in the alteration of endocytosis \[[@pone.0232102.ref050]\].

CavME requires the formation of caveolae, and unlike CME, can carry larger cargo \[[@pone.0232102.ref051]\]. Here we show that uptake of two markers of CavME, CtxB and LacCer \[[@pone.0232102.ref016], [@pone.0232102.ref052]\], were increased in smoke-exposed SAEC ([Fig 4](#pone.0232102.g004){ref-type="fig"}). CavME is dependent on membrane cholesterol to form lipid rafts as the base to form caveolae \[[@pone.0232102.ref053]\]. While the effect of cigarette smoke on membrane cholesterol levels is unknown, cigarette smoke is known to oxidize lipids in the membrane \[[@pone.0232102.ref054]\] which may affect membrane fluidity or caveolae formation.

Endocytosis can also occur in the absence of caveolin and clathrin. Indeed, many pathways have been identified that function independent of CME and CavME \[[@pone.0232102.ref055]\]. Macropinocytosis is one such pathway and allows for the uptake of soluble substrates from the extracellular space. FITC-Dextran is often used as a marker of macropinocytosis as it does not have a known membrane receptor \[[@pone.0232102.ref024]\]. We found that cigarette smoke-exposed SAEC had decreased uptake of FITC-Dextran ([Fig 5](#pone.0232102.g005){ref-type="fig"}). This agrees with another study showing that macrophage derived microvessicles, which were taken up by a mechanism consistent with fluid phase endocytosis, was decreased following treatment with smoke extract \[[@pone.0232102.ref056]\]. Taken together, our data shows that smoke-exposed cells preferentially increase uptake via CavME while decreasing uptake via CME and macropinocytosis. Our data is intriguing as it shows that cigarette smoke does not simply upregulate the uptake of all substrates, but selectively affects specific endocytosis pathways.

Since the effect of cigarette smoke was not the same on all endocytic pathways and seemed to favor CavME, we investigated the impact of cigarette smoke on proteins involved in endocytosis. Endocytosis can be regulated by altering the protein levels of adaptor molecules like caveolin and clathrin. Caveolin levels are decreased in many lung cancer cell lines which corresponds to altered adherence \[[@pone.0232102.ref057], [@pone.0232102.ref058]\] and increased caveolin levels corresponds to tumor drug resistance \[[@pone.0232102.ref059]\]. We measured the protein levels of clathrin and caveolin in air and smoke-exposed SAEC. Ultimately, we found that protein levels of clathrin and caveolin were unchanged in whole cell lysates ([Fig 6](#pone.0232102.g006){ref-type="fig"}).This suggests that the altered endocytosis in smoke exposed SAEC is not due to a change in the availability of endocytic adaptor proteins.

We lastly wanted to determine if the smoke induced changes in endocytosis were relevant in the context of a respiratory pathogen that requires endocytosis to enter the cell using IAV as a prototypic respiratory virus. We found that smoke exposure causes increased infectivity with IAV ([Fig 7A](#pone.0232102.g007){ref-type="fig"}). Reports have seen that IAV can enter cells in both clathrin and caveolin dependent manners \[[@pone.0232102.ref060]--[@pone.0232102.ref062]\]. We believe that despite decreases in CME, IAV can utilize other endocytic pathways, including CavME, to enter SAEC. To block uptake via CavME, we treated SAEC with filipinIII, an inhibitor of CavME. FilipinIII has been shown to cause loss of caveolae \[[@pone.0232102.ref063], [@pone.0232102.ref064]\] and reduce the uptake of CavME ligands such as CtxB \[[@pone.0232102.ref022], [@pone.0232102.ref065], [@pone.0232102.ref066]\]. We show that filipinIII treatment reduced the infectivity with IAV in our smoke exposed SAEC ([Fig 7B](#pone.0232102.g007){ref-type="fig"}). Thus, the upregulation of CavME in smoke-exposed SAEC could explain increases in IAV infectivity.

The increase in uptake of viral particles could prove consequential in the smoke-exposed lung. We have previously reported that cigarette smoke impairs TLR3 cleavage and thus suppressing type I and type III IFN production in SAEC \[[@pone.0232102.ref004]\]. The combination of increased viral uptake and impaired antiviral defenses can result in increased viral spread ([Fig 7](#pone.0232102.g007){ref-type="fig"}) and more severe infection. This may also be true for other pathogens that require endocytosis to infect the host cell. Cigarette smoke has also been shown to impair macrophage phagocytosis, a key step in clearing bacteria and apoptotic cells, thus further impairing the resolution of pathogen infection \[[@pone.0232102.ref038]\]. The net result of altered endocytosis becomes delayed pathogen clearance and more severe infection. Our work offers novel data that shows that cellular uptake pathways are dysregulated in epithelial cells after cigarette smoke exposure which impacts specific ligands in smoke-exposed cells.
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6\. We note that you have included the phrase "data not shown" in your manuscript. Unfortunately, this does not meet our data sharing requirements. PLOS does not permit references to inaccessible data. We require that authors provide all relevant data within the paper, Supporting Information files, or in an acceptable, public repository. Please add a citation to support this phrase or upload the data that corresponds with these findings to a stable repository (such as Figshare or Dryad) and provide and URLs, DOIs, or accession numbers that may be used to access these data. Or, if the data are not a core part of the research being presented in your study, we ask that you remove the phrase that refers to these data.

\[Note: HTML markup is below. Please do not edit.\]

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Partly

\*\*\*\*\*\*\*\*\*\*

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: Parker F Duffney and colleagues present a manuscript that investigates the mechanism by which lung epithelial cells exposed to CS get more susceptible to virus infections. They identified the caveolin-dependent endocytosis as the main path for viruses to enter epithelial cells of smokers. Some experiments need to be included to meet the perfect format and requirements for a fully acceptable work.
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**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: Yes: Dr. Aicha Jeridi

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]
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Response to reviewer comments

Figure 3:

A. Include bright field to have a better clue where the labeled-BSA (BSA-AF594) is located in the cell after uptake.

Authors do not mention how long cells were incubated with the dye and when the readout was (in the legend they refer to the methods part and in the methods part they say "cells were then treated ....for the indicated times". Important to know whether authors, similar to the already published data on uptake of FITC-labeled BSA look at the cells after 60min or whether they wait longer. Fluorescent signal in reference nr. 20 shows a punctated localization which differs from the presented pictures here in Figure 3 (due to timing?)

We appreciate the reviewer comment. Unfortunately, we did not take brightfield images for of the cells in figure 3A. Despite this, we think the image sufficiently shows labeling consistent with both surface and intracellular staining. We updated the methods (lines 146-149) to clarify that for the confocal images, cells were loaded with ligand for 30 min at 4°C and then incubated at 37°C for 30 min before fixing and visualizing. While other studies have seen distinct puncta staining at 60 minutes, this shortened incubation time could explain why we see both surface and internal labeling.

B. Specify the y-axis more -- (%) BSA-uptake

We have changed the axis to specify the uptake in Figure 3B is BSA uptake (New graph for figure 3B).

Figure 4:

A. CtxB is also here a labeled one, please keep the same name in case of similar quantifications (CtxB-AF594 like in 4B), same for Figure C

We thank the reviewer for the comment and have adjusted the labeling for consistency throughout the figure (Line 237-242). The AF594-CtxB was used for the confocal imaging and subsequent image quantification. AF488-CtxB was used for flow cytometry labeling. We adjusted the labeling of Figures 4B and 4C to clarify this.

D: the 63 magnification of the CS/LacCer picture shows a stronger

background signal than the one of the control. Users should take a

magnicication of a cell that is rather far away from the other positive cells

to avoid misunderstanding of exposure differences.

Both images were acquired at the same exposure settings, and we adjusted the contrast to see clearly the label uptake in untreated cells. Because the smoke-exposed cells took up so much more label, this resulted in overexposed images of smoke-exposed cells. Unfortunately, these were semi-permanent mounts only and are no longer available to re-image. We have adjusted the contract on the images presented (using the same settings for both) to reduce the background, this unfortunately reduces the ability to see the label uptake in the control cells but we think the images will still be suitable for publication.

Figure 5:

Line 281/282: cellular fluorescence was difficult to quantify using automated image analysis... (First: there is no need to rely on only automated image analyzer, authors could optionally quantify single images, second: no need to mention this in the text since the picture is convincing).

We appreciate the feedback from the reviewer. We removed the sentence mentioning the difficulties of image analysis with dextran and highlight that similar suppression of dextran uptake was seen when quantitating smoke exposed cells by flow cytometry (Line 525-524).

Figure 6:

Authors should try to show the blots such that the bands are under each other. Labeling of the samples is not straight forward (immediate?), it would be rather better if authors used "short exposure" and "6h exposure". In order to prove that there are no changes in clathrin and caveolin upon CS exposure, authors should add the quantification of band intensities. In addition, the second strain shows a slight reduction in both samples, the one immediately and the one 6h post CS exposure, how do authors deal with this.

We have gone back and adjusted the western blot figure to line up the bands and make the labeling more clear for the reader. We have also performed densitometry on all the blots from all the strains and found no consistent or significant difference in the expression of clathrin or caveolin in our three strains as a whole. This data is included in new figure 6. While one strain did appear to show significantly decreased protein levels of caveolin (but not clathrin) in the smoke exposed cells, this would not explain why caveolin dependent uptake is enhanced in smoke exposed cells and this finding is not consistent in the other strains tested. Thus we feel that overall, the data does not support the idea that endocytosis changes due to smoke exposure are related to changes in the level of endocytosis proteins (either clathrin or caveolin).

Figure 7: very nice experiment, that shows the specificity of the virus uptake. It is necessary to exclude any effects of filipin III on the previously described pathways. Meaning, authors should include the experiments of labeled BSA and labeled CtxB with fillipin III and show that this does not affect the uptake of these compounds to finally confirm the uptake of the WSN virus exclusively by caveolin-dependent endocytosis.

We agree with the reviewer that showing that showing the effect of filipin III on the uptake of BSA and CtxB would help to strengthen the findings of the figure. However, due to a recent relocation of the lab, the smoke exposure system is temporarily unavailable to perform additional experiments. However, there has been much research on the uptake of BSA and CtxB and it has been shown in numerous studies that BSA uptake utilizes a clathrin dependent mechanism (1-5). The inhibitor, filipin III, has been shown to disrupt caveole formation (6, 7) and CtxB is a common marker of lipid rafts (8-10) and has been shown to be inhibited by filipin III (11, 12). We have added additional information on this topic at lines 361 and 402-404. Despite the inability to perform additional experiments we believe this paper still holds value to the scientific community in its current form.

Notes:

Line 279: a common marker OF macropinocytosis...

This has been fixed.
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Dear Dr. Sime,

We are pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it complies with all outstanding technical requirements.

Within one week, you will receive an e-mail containing information on the amendments required prior to publication. When all required modifications have been addressed, you will receive a formal acceptance letter and your manuscript will proceed to our production department and be scheduled for publication.

Shortly after the formal acceptance letter is sent, an invoice for payment will follow. To ensure an efficient production and billing process, please log into Editorial Manager at <https://www.editorialmanager.com/pone/>, click the \"Update My Information\" link at the top of the page, and update your user information. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, you must inform our press team as soon as possible and no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.

With kind regards,

Y. Peter Di, Ph.D.

Academic Editor

PLOS ONE

Additional Editor Comments (optional):

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#1: All comments have been addressed

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: All the questions that I mentioned in my first review were answered and addressed in a proper way. Authors put a lot of effort in adding new data to round up the story. The publication is in my point of view, after the modifications done by authors, ready to be published. Many thanks

\*\*\*\*\*\*\*\*\*\*

7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).
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Dear Dr. Sime:

I am pleased to inform you that your manuscript has been deemed suitable for publication in PLOS ONE. Congratulations! Your manuscript is now with our production department.

If your institution or institutions have a press office, please notify them about your upcoming paper at this point, to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, please inform our press team within the next 48 hours. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information please contact <onepress@plos.org>.
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